Membrane fouling (especially biofouling) as a critical issue during membrane reactor (MBR) operation has attracted much attention in recent years. Although previous review papers have presented different aspects of MBR's fouling when treating various wastewaters, the information related to biofouling in MBRs has only simply or partially reviewed. This work attempts to give a more comprehensive and elaborate explanation of biofilm formation, biofouling factors and control approaches by addressing current achievements. This also suggests to a better way in controlling biofouling by developing new integrated MBR systems, novel flocculants and biomass carriers.
Introduction
Membrane fouling, especially biofouling, is what primarily hinders the application and development of membrane biroeactors (MBRs) (Meng et al., 2009 ). 4 Nevertheless, new knowledge on sludge properties regarding membrane fouling, such as MLSS and floc size was not articulated.
This review paper is dedicated to broader and more detailed analyses of the main aspects of biofouling in MBRs based on current research achievements. A more thorough discussion is carried out with respect to biofilm formation, the interactions among the biomass characteristics, operating conditions, feedwater characteristics and membrane properties, and their effects on membrane biofouling. Furthermore, some helpful and reasonable suggestions are given in view of biofouling minimisation.
Finally, emerging fouling control strategies (e.g. membrane cleaning, biomass carriers, flocculants, etc.) are presented along with future research trends in membrane biofouling.
Biofouling and its effects on membrane systems
Of the six principle fouling mechanisms (pore blocking, cake formation, concentration polarization, organic adsorption, inorganic precipitation and biofouling), biofouling is the most complicated since it is associated with undesirable deposition, growth and metabolism of bacterial cells or flocs on membrane surface and/or inside membrane pores (Guo et al., 2012) . Generally, six steps involved in biofilm formation are shown in Fig. 1 (Bitton, 2005 ; Guo et al., 2012): (1) formation of a conditioning film on the pristine surface after exposing the surface to the feed including organic matters; (2) transport of microorganisms and planktonic cells to conditioned surface by diffusion, convection, turbulent eddy, and chemotaxis; (3) adhesion of microorganisms to conditioned surface as a result of the negatively free energy of adhesion, the balanced force between Lifshitz-Van der Waals forces and repulsive or electrostatic forces from both microbial and substratum surfaces, or hydrophobic interactions; (4) continuous attachment and adsorption of microorganisms on the surface due to the presence of EPS which enables microorganisms to be adhered to the surface and bond with the biofilm; (5) biofilm growth and accumulation; and (6) formation of a three-dimension biofilm.
Fig. 1.
The effects of biofouling on the performance of membrane systems are as follows:
(1) decreased membrane permeability resulting from bacterial attachment and subsequent growth on the membrane surface; (2) precipitation of calcium carbonate at an elevated pH; (3) accumulation of abiotic particles because of microorganism adhesion or an enzymatic attack on the membrane or the glue lines; and (4) concentrated polarization by biofilms on the membrane surface (Dreszer et al., 2013) . During the MBR process, biofouling results in poorer membrane permeability, more serious flux decline, more frequent membrane replacement and higher operational and maintenance costs.
Factors affecting biofouling in MBR
The biofouling factors discussed in this review paper include mixed liquor properties, operating conditions, feed water characteristics and membrane properties.
Mixed liquor properties

Bound extracellular polymeric substances (EPS)
Bound EPS, which are mainly composed of polysaccharides (EPS C ) and proteins (EPS P ), played a pivotal role in membrane biofouling development, especially cake layer formation. In a MBR under long-term operation, biocake on the membrane surface mainly consisted of microbial cells and EPS, which evolved from an initially reversible fouling inducing via the accumulation of easily removable organic substances to the subsequent development of irreversible fouling; this in turn is due to consistently increasing EPS levels (Domínguez et al., 2012). Tian et al. (2011a) observed that more severe membrane fouling occurred during filtration of bulking sludge, which was linked to the abundance of filamentous bacteria and presence of more cell-bound EPS than that for the normal sludge. Excessive EPS would deteriorate the structure of sludge flocs and reduce their bioflocculation ability.
Moreover, a higher EPS P /EPS C ratio in the bulking sludge increased floc hydrophobicity.
Thus, the sludge flocs having more EPS and higher EPS P /EPS C ratio could aggravate membrane fouling by their deposition on the membrane surface. Liu et al. (2012) discovered that higher levels of loosely bound EPS (LB-EPS) resulted in a poorer flocculability and a lower settleability of activated sludge, and the formation of looser sludge flocs, which increased cake layer resistance, total membrane resistance and TMP development. It was also pointed out that a high concentration of LB-EPS obtained at a high proportion of dead cells in activated sludge stimulated the generation of fine particles and attachment of small flocs onto the membrane. This gave rise to the formation of a dense cake layer on the membrane surface and serious membrane fouling.
However, tightly bound EPS (TB-EPS) reduced the incidence of membrane fouling. A greater TB-EPS to LB-EPS ratio reflected a high flocculability of activated sludge, thus encouraging the generation of large flocs, less membrane fouling and lower total membrane resistance (Azami et al., 2011).
Soluble microbial products (SMP) and biopolymer clusters (BPC)
When compared to other sludge characteristics (e.g. MLSS, particle size distribution, bound EPS), SMP had the strongest relationship with membrane fouling rate (dTMP/dt) (Zhang et al., 2015a) . SMP (or soluble EPS) could be readily deposited and adsorbed on and/or into the membrane owing to the permeation drag and higher Brownian diffusion. In addition, the attachment of SMP to membrane surface could be achieved by considerably high attractive interaction energy and through overcoming high repulsive energy barrier. Thus, they would encourage the formation of a gel layer, cause membrane pore blocking, and penetrate into the pores and spaces between particles in the cake layer. In the gel and cake layers, SMP with macromolecular character constituted the major soluble organic substances. When compared to the cake layer, the gel layer possessed more SMP, which had unusually high specific filtration resistance being almost 100 times higher than the cake layer. These effects led to concluded that size exclusion played a key role in irreversible fouling of HIS.
Membrane fouling was also significantly influenced by SMP compositions (especially proteins/polysaccharides (SMP P /SMP C ) ratio). Yao et al. (2011) found that higher SMP P /SMP C ratio reduced irreversible fouling and promoted the interaction of SMP P and SMP C for cake layer formation on the membrane's surface. However, Gao et al. (2013a) reported that when operating MBRs for treating industrial wastewaters from a local thermomechanical pulping mill, higher SMP P /SMP C ratio negatively influenced the cake layer structure (i.e. higher thickness, lower porosity, smaller floc size) and increased the filtration resistance. Besides, Tian et al. (2011b) conducted a series of stirred dead-end filtration tests to evaluate the fouling potential of biomass-associated products (BAP) and utilization-associated products (UAP). The results implied that membane interception induced almost complete reduction of proteins and partial decrease of polysaccharides of UAP and BAP in the permeate. Membrane foulants were mainly composed of proteins and polysaccharides. The modelling work demonstrated that cake filtration and complete blockage were primary fouling mechanisms for BAP and UAP filtration, respectively. This suggested that fouling potential for the UAP was higher than that for BAP. 
Mixed liquor suspended solids (MLSS) and sludge viscosity
Some studies have explored the relationship between sludge viscosity and MLSS concentration as well as their impacts on membrane biofouling. Table 1 μm and most of flocs were larger than 1 μm, less obvious pore clogging occurred. The thermodynamic analyses revealed that the specific energy barrier was slightly higher when decreasing the sludge floc size, while smaller flocs promoted an increase in the attractive specific interaction energy in contact. Hence, the whole effect favoured the deposition of small flocs on the membrane and the subsequent formation of a less porous cake layer with small pore size, which in turn increased hydraulic cake resistance and osmotic pressure-induced resistance as a result of more biopolymer matters being retained in the pores of the cake layer.
Operating conditions
Sludge retention time (SRT)
It has been widely accepted that SRT is one of the most critical operating parameters during MBR operation. Table 2 
Hydraulic retention time (HRT)
HRT is another key operating parameter having a pronounced impact on membrane 
Dissolved oxygen (DO)
Air flow rate or DO is a principle operating parameter that determines the hydrodynamic conditions, sludge characteristics (i.e. EPS, SMP), and membrane fouling. When operating at low airflow rate or DO, cake layer would be formed by the deposition of MLSS on the membrane, which could not be removed by the low shear stress. Low DO also decreased aerobic activity of microorganisms, which reduced the generation of EPS or increased anaerobic degradation of EPS, leading to the sludge's
deflocculation. An appropriately high DO concentration could promote sludge bioflocculation, and enhance sludge characteristics and membrane performance. concentrations of SMP, biopolymers, and submicron particles (10 1000 nm) were obtained together with a shift in the particle size distribution (PSD) (3 300 m) towards smaller sludge flocs. As a result, the system demonstrated higher total fouling due to the formation of a less permeable cake layer and higher irreversible fouling mainly resulted from pore blocking. Overall, an "optimal" air flow rate or DO concentration should be determined considering loose/tight MBR configurations, and aeration time, position and mode (e.g. cyclic aeration on/off).
Temperature
It demonstrated that the decreased temperature and SMP P ). However, an additional decline in temperature to 10 °C resulted in an obvious rise of EPS, SMP, EPS P and SMP P , thus aggravating membrane fouling. Both EPS C in biocake and SMP C /SMP P in mixed liquor were significantly correlated with temperature and filtration resistance. Another study implied that during the operating period (8.7−19.7 ºC), the decline in temperature encouraged the increase of EPS and SMP through promoting their formation and lowering hydrolysis ability of microorganisms, which triggered serious membrane fouling.
Feedwater characteristics 3.3.1. Organic loading rate (OLR) or food/microorganism (F/M) ratio
The OLR or F/M ratio could change microbial behaviours, microbial properties and biomass characteristics in mixed liquor (e.g. MLSS, particle size, viscosity, floc structure, EPS and SMP) and membrane biofilm (e.g. bacteria community), thus influencing membrane biofouling. As compared to the low loading (0. 
Carbon to nitrogen or carbon to phosphorus ratio (C/N or C/P)
Current studies focused on nutrient parameters, such as C/N, C/P ratios, which had an effect on bacteria communities and sludge characteristics, thereby influencing the potential for membrane biofouling. In feed water, divalent cations (i.e. calcium, magnesium) improved aggregation and stabilization of matrix of biopolymers, microbes and sludge flocs through bridging negatively functional groups within EPS, which alleivated membrane biofouling.
Normally, a relatively lower monovalent to divalent cation ratio (< 2:1) but higher molar ratio of Mg:Ca (> 1:1) favours floc agglomeration (Arabi and Nakhla, 2009).
Membrane characteristics
Membrane characteristics (e.g. materials, morphology, pore size, zeta potential, hydrophobicity/hydrophibicity affinity) are the principal factors affecting membrane biofouling. A current study from Nittami et al. (2014) revealed that when using the municipal wastewater treatment plant (WWTP) sludge which showed higher hydrophobicity, a dense cake layer formation on the membrane and higher TMP increase rate were achieved in the MBR with an immersed hydrophilic membrane than those for the MBR with an immersed hydrophobic membrane. However, for the labreactor sludge with lower hydrophobicity, the application of hydrophobic membrane triggered faster TMP increment. Thus, the effects of membrane surface hydrophilicity on membrane fouling were associated with the hydrophobicity of suspend sludge. It should be also noted that surface hydrophilicity/hydrophobicity of membranes was an essential factor for the interaction between membrane and foulants when the two contacting surfaces are infinite planar. However, when foulants are spherical particles as sizes of the membranes decreased (e.g. PES and ME), R P decreased as larger flocs were deposited on the surface of these membranes to form a filter cake or they clogged membrane pore entrances instead of passing through the pores. Concentration polarisation resistance was higher in the case of PES and ME membranes with smaller pore sizes, which was resulted from adsorption of soluble fraction of microbial products (carbohydrate and protein) onto the membrane surface. When compared to the clean membranes, the surface of fouled CA, PES and ME membranes indicated less roughness (smoother) because their surface cavities were covered by the microbial flocs.
Through evaluating effects of membrane pore size, surface porosity, pore morphology, and hydrophobicity on membrane fouling, it was suggested that less fouling could be achieved for the membrane with higher hydrophilic property, asymmetric structure, interconnected pore morphology, relatively large pore size and high surface porosity (van der Marel et al., 2010). 
Biofouling control strategies
Membrane cleaning
Addition of media
The direct addition of biomass carriers into MBRs could improve characteristics of mixed liquor and cake layer, thus alleviating membrane fouling. Jin et al. (2013) elucidated that ceramic MBR with suspended carriers (AnoxKaldnes, K1 carriers) having relatively low density and large size contained larger biomass flocs, less SMP and less EPS than that without the carriers. Furthermore the biomass carriers can reduce the cake layer on membrane surface but only slightly affect pore blocking.
The fresh powdered activated carbon (PAC) in a submerged MBR at relatively high concentrations eliminated EPS, SMP, fine colloids, polysaccharides, total organic carbon (TOC) and planktonic cells in the supernatant of mixed liquor by synergistic effects of adsorption, decomposition, and biodegradation. Furthermore, PAC promoted the production of large, strong and dense sludge flocs, which limited deposition of particles on the membranes and release of foulants, and retarded gel layer formation.
The fresh PAC could also accelerate the combined effects of collision and adsorption on the membrane surface. Consequently, adding PAC led to less membrane pore blocking, formation of a more porous, less compact and more stable cake layer on membrane surface, lower fouling rate, longer lifespan of membrane, and less energy consumption.
Another 
Addition of flocculants
Adding different kinds of flocculants in MBRs could alter the properties of activated sludge and cake layer and lead to enhanced membrane performance. The 
Other methods
As aerobic granule sludge featured an apparently large floc size with regular and compact structure, desirable settleability, high biomass, various bacteria community and 
Challenges and perspectives
Combining MBR with other technologies has been considered as a promising research trend. Although the current literature and discoveries have focused on this approach, a comprehensive biofouling framework needs to be developed. Thus, more efforts should be made to thoroughly analyse different MBR systems' impact on biofouling (including the above-mentioned integrated MBRs). The advanced biofouling mitigation methods could be created based on the aforementioned studies. More specifically, characterisation of bacterial communities and MW fractions of foulants (EPS, SMP, and BPC) in both mixed liquor and cake layer, and biocake architecture should be done when operating integrated MBRs. It would be also interesting to conduct the meso-scale analyses and studies on micro-interfacial process in these integrated MBRs to have more in-depth understanding of membrane fouling behaviour.
Apart from that, the effects of salt and temperature shocks on the performance of these integrated MBRs must be carried out in detail to evaluate their feasibility for biofouling control under stressful conditions. Future studies could be devoted to combining the SSMBR or the SSMBR-G with biological/biochemical cleaning methods into one bioreactor, i.e. immobilising the quorum-quenching bacteria into a sponge. Moreover, the development of novel or modified flocculants and biomass carriers (e.g. using sponge) is to be encouraged in future studies.
Conclusions
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